Epitaxial PbSc 0.5 Ta 0.5 O 3 (001) films with an epitaxial LaNiO 3 bottom electrode were deposited on CeO 2 /yttria-stabilized zirconia-buffered Si (100) substrates. Crystal orientation, in-plane and out-of-plane lattice parameters, surface morphology, and microstructure were analyzed by X-ray diffraction, X-ray reciprocal lattice mapping measurements, atomic force microscopy, and transmission electron microscopy, respectively. XRD superstructure reflections indicate that the films are cation ordered. Polarization-field and switching current-voltage hysteresis curves were measured at room temperature. The measured spontaneous polarization P s , remnant polarization P r , and coercive voltage V c were found to be 14 lC/cm 2 , 4 lC/cm 2 , and 1.1 V, respectively, at room temperature. Furthermore, field as well as frequency dependence of the dielectric constant were measured at room temperature. Piezoelectric measurements performed on these PST films showed a sharp non-linearity, which is attributed to the possibility of field induced phase transition and/or percolation of polar nano regions. V C 2013 AIP Publishing LLC. [http://dx
I. INTRODUCTION
Ferroelectric thin films have attracted attention owing to the desirable functional properties of many perovskite oxides, such as ferroelectricity, pyroelectricity, and piezoelectricity. They have been used in several applications including ferroelectric random access memories (FeRAMs), pyroelectric detectors, micro-electro-mechanical systems (MEMS), piezoelectric actuators, etc. [1] [2] [3] [4] [5] [6] [7] Ferroelectric thin films have the capacity to integrate economical size design and high performance efficiency. Epitaxial growth of ferroelectric thin films on existing silicon circuitry could thus pave the way to fabricating even thinner, more efficient devices, because of their minimal leakage, optical scattering and other improved properties compared to polycrystalline films. 1 The pyroelectric effect in ferroelectrics has been used long for imaging and detection of infrared radiation (IR), but only a few of them have become subject of intense research for uncooled IR detection and imaging sensors. 8 Among them PbSc 0.5 Ta 0.5 O 3 (PST) is very promising because of its high figure of merit in IR detection. 9 So deposition of high-quality PST thin films on Si substrates is desirable, however, it still involves technical difficulties due to the large lattice mismatch (31%), structural incompatibility, and thermal expansion mismatch 10 (nearly a factor of 3) between both.
PST is well known as a relaxor ferroelectric with Curie temperature between 0 and 26 C, depending on the degree of cation-ordering on the B sites. 11 In this paper, we report the epitaxial growth by pulsed laser deposition (PLD), microstructure and ferroelectric behavior of epitaxial PST (100) films on buffered Si (100) substrates.
II. EXPERIMENTAL PROCEDURE
PLD is a good method to ensure stoichiometric transfer of components from a target to a thin film and to prepare multilayers. 12 The epitaxial growth of oxide thin films on silicon substrates is a challenging process due to oxidation of silicon to amorphous silicon oxide and possible diffusion and/or reaction processes between film and substrate. We achieved this aim by using an epitaxial buffer layer of CeO 2 and yttria-stabilized (10 mol. %) zirconia (YSZ) between the PST film and the silicon substrate. YSZ grows epitaxially on Si (100) and is inert to it. 13, 14 CeO 2 is often used as second buffer layer to promote the epitaxial growth of LaNiO 3 (LNO) as a bottom electrode. [15] [16] [17] [18] All the films were deposited in situ by ablating stoichiometric targets of YSZ, CeO 2 , LNO, and PST with KrF excimer laser pulses (wavelength of 248 nm, pulse duration 20 ns) with a 5 Hz repetition rate. An epitaxial YSZ thin layer was deposited on natively oxidized Si wafer, with a laser fluence of 2 J/cm 2 . The Si (100) substrate was cleaned with acetone and ethanol before mounting to the substrate heater. The base pressure in the chamber was 5 Â 10 À7 mbar before raising the substrate temperature. YSZ was deposited at 750 C for 3 min (900 pulses) in the base pressure and then oxygen pressure was increased to 6.5 Â 10 À4 mbar. CeO 2 and LNO films were deposited at 750 C and 650 C in 5.5 Â 10 À4 mbar and 0.4 mbar oxygen pressures, respectively, with a laser fluence of 2 J/cm 2 each. The epitaxial PST films were deposited at 550 C with a laser fluence of 1.5 J/cm 2 . More experimental details are described elsewhere. 19 For electrical measurements, Pt top electrodes were deposited through a metal shadow mask (electrode size of ca. 40 Â 40 lm 2 ) by radio frequency sputtering at room temperature. Crystallographic characterization was performed by means of a Philips X'Pert MRD X-ray diffractometer with Cu Ka radiation. Samples for transmission electron microscopy (TEM) were prepared by using mechanical and ion-beam based standard techniques. TEM and electron diffraction investigations were carried out by a Philips CM20T at 200 kV. Polarization-voltage (P-V) hysteresis loop and switching current-voltage (I-V) characteristics of the PST films were recorded by a ferroelectric tester (TF analyzer 2000, aixACCT)). Dielectric constants were calculated from the capacitance measured by a Hewlett Packard 4194 A impedance analyzer using a small ac signal of 100 mV. Local piezoelectric response and switching polarization were investigated by a commercial atomic force microscope (XE-100, Park Systems) in the piezoresponse force microscopy (PFM) mode.
III. RESULTS AND DISCUSSIONS
An XRD pattern of PST and LNO films on CeO 2 /YSZbuffered Si (100) substrate is shown in Fig. 1(a) . The PST film consists of a pure perovskite phase; no pyrochlore phase was observed. Superstructure reflections of type ( 1 = 2 1 = 2 1 = 2 ) were observed at 2h % 18. 8 , recorded at w ¼ 54.7 , as shown in the inset of Fig. 1(b) . The average degree of order is calculated by using the integrated area of the superstructure peak ( 1 = 2 1 = 2 1 = 2 ) compared to a reference peak (111) in the material as given by Brinkman et al. (Ref. 20) . The order parameter S $ 70% is estimated for the PST films. The out-of-plane epitaxial relationship between the films, buffer layers and Si substrate was found to be (100) PST//(100) pc LNO//(100) CeO 2 //(100) YSZ//(100) Si (cubic indexing is used for all; pc-pseudocubic). The in-plane XRD measurements for PST (220), LNO (220), YSZ (220), and Si (220) were done by means of / scans as shown in Fig. 2(a) . These in-plane measurements showed that all the films have a four-fold rotational symmetry which confirms the epitaxial growth of all the layers on each other. Both YSZ and CeO 2 films show the same rotational angle as of Si for the (220) reflection, confirming epitaxial cube-on-cube growth. The (220) pc reflections of LNO and the (220) reflections of PST are shifted by an azimuthal angle of 45 with respect to buffer layer and substrate as shown in schematic in Fig. 2(b) . The in-plane epitaxial relationship between the films, buffer layers, and substrate was found to be , revealing the presence of (1/2 1/2 1/2) and (3/2 3/2 3/2) superstructure reflections. lattice parameter of Si and CeO 2 have been found to be 5.43 Å (60.01). This shows that the CeO 2 layer is fully relaxed on the Si substrate. In case of YSZ, two interconnected reciprocal space patterns were observed. As it is shown in Fig. 3(a) , a few layers of YSZ are having the same in-plane lattice parameter as that of Si. The in-plane and outof-plane lattice parameter values of these few layers of YSZ are 5.43 Å (60.01) and 5.10 Å (60.01), respectively. This indicates that only few initial YSZ layers were tensile stressed. With increase in thickness of the YSZ layer, the films start to relax and exhibit another reciprocal pattern connected with the stressed layers pattern. The in-plane and outof-plane lattice parameter for all the buffer layers, electrode, and PST film are tabulated in Table I Fig. 4 , the LNO reflections are indexed hexagonally.)
Macroscopic and local ferroelectric properties were investigated at room temperature (R.T.). The P-V hysteresis and I-V switching currents measured at 1 kHz [ Fig. 5(a) ] reveal ferroelectric switching characteristics. The spontaneous polarization P s , remnant polarization P r , and coercive voltage V c under the application of 5 V are about 14 lC/cm 2 , 4 lC/cm 2 , and 1.1 V, respectively, which is comparable to the values reported for the PST films on STO substrates. 19 The piezoelectric response of the PST film as a function of applied ac voltage was locally investigated by PFM as shown in Fig. 5(b) . The obtained data were linearly fitted to approximate the effective piezoelectric coefficient from the slope of the curve. However, instead of getting one single slope in the fitted data, two slopes were observed, possibly indicating a field driven phase transition. The piezoelectric coefficient at voltages up to 0.6 V was found to be 9.2 pm/V. On applying a higher ac voltage, a sudden increase of the piezoelectric response was observed, the latter amounting to 29.3 pm/V. This rapid increase may have its origin in an applied-ac-voltage-induced phase transition or percolation of polar nano regions similar as observed in other relaxor based ferroelectrics. [21] [22] [23] The coercive voltage was found to be 1.1 V [inset of Fig. 3(b) ], which excludes an effect of the coercive voltage on the sudden increase of the piezoresponse at 0.6 V. Details of the used experimental conditions during piezoelectric measurements by PFM are reported elsewhere. 24 The field dependence of dielectric constant and loss tangent, i.e., e-V and tan d-V curves, were measured at 100 kHz frequency at R.T. [Fig. 6 ] revealing a butterfly shape and thus supporting the ferroelectric measurements. At a frequency of 1 kHz, the value of the dielectric constant and loss tangent were around 1000 and 0.4, respectively. The measured dielectric constant on buffered Si is higher than previously reported on STO substrate. 14 
IV. CONCLUSIONS
In summary, microstructure and ferroelectric properties of epitaxial PST thin films grown on LNO electrodes on YSZ-and CeO 2 -buffered Si (100) substrates were investigated. The degree of cation ordering calculated from XRD was around $70%. The results reveal that the films are ferroelectric with a remnant polarization of 4 lC/cm 2 at room temperature, which is further confirmed by measuring the C-V and I-V curves. The dielectric constant at 1 kHz was found to be 1000 at room temperature. The sudden increase in the piezoelectric response at 0.6 V suggests the possibility of either a field-driven phase transition or the percolation of polar nano regions in the PST films. Detailed investigations of the piezoelectric non-linearity are under way. Furthermore, this paper shows that the use of epitaxial PST in Si-based technologies is principally possible. 
